a b s t r a c t 2A14-T6 aluminum alloy was bobbin tool friction stir welded (BT-FSW) at various welding speeds. The microstructural analysis indicates that in the weld nugget the grains of the upper layer are smaller than those of the lower layer, which should be attributed to the larger extent of heat dissipation through the top shoulder. An ellipse-shaped region and a triangle-shaped region characterized by large elongated grain structures are found in the middle layer of the weld nugget of BT-FSW joints. The insufficient material plastic deformation caused by the flat feature of tool pin is believed to be the reason for the formation of the both regions. The insufficiently stirred regions can significantly affect the fracture features of joints during tensile test. At low welding speeds, the joints are all fractured along the border of the ellipseshaped region. While at high welding speeds, the fracture path is just through the triangle-shaped region. With increasing welding speed, the joint strength is firstly increased to a peak and then shows a sharp decrease due to the occurrence of void defects. A maximum strength efficiency of 75% is achieved in this study.
Introduction
Friction stir welding (FSW) has achieved great success in joining aluminum alloys since its invention. The benefits of FSW are well known and include the production of joints with excellent general mechanical properties [1] and the potential to reduce the cost and weight of assembled structures [2, 3] . During the conventional FSW, a backing plate is necessary to support the workpiece, which leads to some drawbacks of the process. First, it presents significant limitations for the FSW of closed hollow extrusions or complex shaped large structures. Second, root flaws tend to be formed during the welding if the tool plunged depth is incorrectly set [4] or a shortened tool pin is used [5, 6] , and the root flaws with small size are generally very difficult to detect [7, 8] . The bobbin tool friction stir welding (BT-FSW) is an effective technology to overcome these limitations. In the process, the bobbin tool has two shoulders, one above and one below the workpiece. A pin connects the both shoulders and entirely penetrates the workpiece thickness [9, 10] . The bottom shoulder of a bobbin tool replaces the backing plate used in conventional FSW, leading to the significant process flexibility of FSW. Because of this, the FSW of closed hollow extrusions or the complex shaped structures can be carried out without the introduction of any backing elements. Additionally, the ability to weld a workpiece simultaneously from both sides enables BT-FSW to completely eliminate the occurrence of root flaw.
Until now, several types of aluminum alloys, such as 2000 [11, 12] , 6000 [13] and 7000 [14] series, have been successfully bobbin tool friction stir welded in previous studies. For instance, a 2024-T351 aluminum alloy was friction stir welded using bobbin tools in Ncumann's investigation [12] . The author found that the axial force of FSW can be reduced when using the bobbin tool, side and traverse forces however appeared similar to those produced using the conventional FSW approach under comparable welding parameters. Sued et al. [13] identified the effects of pin features on weld formation and joint properties in BT-FSW of 6082-T6 aluminum alloy, and the tool pin with four flats feature was found to produce better welds than the tool pin with threads or flutes features. Marie et al. [14] carried out bobbin tool friction stir welding of 7449 aluminum alloy, and the weld formation, temperature histories and mechanical properties of the joints were tested. The results indicated that the BT-FSW process seemed to be better for medium and thick sections than for thin materials. On the whole, most of the previous investigations placed their focuses on the optimal design of welding tool, weldability of base materials or distributing characteristics of welding temperature and forces, etc. As far as the BT-FSW of aluminum alloys is concerned, the evolutions of microstructure characteristics and joint properties with process variables have not been sufficiently investigated yet.
2A14-T6 aluminum alloy is widely used in aerospace structures because of its high mechanical strength, high fatigue resistance and good corrosion resistance. However, the BT-FSW process of this material, which is of great importance and significance for the joining from the viewpoint of its application background, is rarely investigated until now. Therefore, a 2A14-T6 aluminum alloy was bobbin tool friction stir welded at a fixed rotation speed and various welding speeds with the aim of highlighting the correlation between welding speed and the joint performances. The focus is placed on the weld formation, microstructural characteristics, hardness distributions and tensile properties.
Experimental procedures
The base metal for this investigation was a 6-mm-thick 2A14-T6 aluminum alloy plate with dimension of 300 mm long by 100 mm wide. The chemical compositions and mechanical properties of the base metal are listed in Table 1 . For each trial, the workpiece was first tightly clamped on the work table, and then butt welds were made along the longitudinal direction (perpendicular to the rolling direction) of the welding samples using an FSW machine and a bobbin tool. Fig. 1 shows the experimental set up of BT-FSW. During the welding, the rotation speed was fixed at 400 rpm, and the plunge depth of both top and bottom shoulders of the bobbin tool was set to 0.07 mm. The welding speed varied from 25 to 150 mm/min at an interval of 25 mm/min, thus in total six BT-FSW trials were conducted in this study. The tool has scrolled feature on the both shoulders and three flats feature on the smooth cylindrical pin, as shown in Fig. 2 . The top and bottom shoulders have a same diameter of 16 mm, and the pin diameter is 8 mm. The channels on the scrolled shoulders can help the material flow from the edges of the shoulders to the probe, eliminating the need to tilt the tool. Therefore, a zero degree tilting angle was utilized to the welding tool for all the trails.
After welding, the joints were all cross-sectioned perpendicular to the welding direction for metallographic analyses and mechanical tests. The cross sections of the metallographic specimens were polished using a diamond paste, etched with Keller's reagent, and observed by an optical microscopy (KEYENCE VHX-100). For the convenience of statement, the cross section of weld is divided into three layers in this paper, which are upper layer, middle layer and lower layer, as illustrated in Fig. 3 . The square region of each layer gives the exact location where microstructural analysis was conducted. Microhardness profiles were measured at the mid-thickness of each layer on the polished cross-sections (i.e. along the dot dash lines marked in Fig. 3 ) by a microhardness tester (TMVP-1). The spacing between the adjacent indentations was 1 mm, and the testing load was 4.9 N for 10 s. The transverse tensile specimens were prepared with reference to China National Standard (GB/T2651-2008) [15] . Tensile properties of each joint were evaluated using three tensile specimens cut from the same joint. It is noted that all the specimens were extracted from the middle part of the joints where the steady state of the FSW process was achieved. The room temperature tensile test was carried out at a crosshead speed of 1 mm/min using an electron universal testing machine (Instron 5566). The optical microscopy above mentioned and a scanning electron microscopy (Zeiss Ultra 55) were utilized to observe the fracture features of the joints. are indicated in Fig. 4c . A dumbbell-shaped WNZ, characterized by wide upper and lower layers and a narrow middle layer, is observed at low welding speed of 50 mm/min (see Fig. 4a ). However, as the welding speed is increased, the dumbbell-shaped feature of WNZ becomes gradually unclear. The width of the nugget is nearly the same throughout the thickness direction at 150 mm/ min (see Fig. 4c ). This should be attributed to the weakening of shoulder stirring effect on the base material. Similar as occurred in previous studies [1, 4, 6] , the WNZ/TMAZ interface is rather unclear on the RS but quite sharp on the AS. Fig. 5 , converge at the WNZ adjacent to TMAZ on the AS. A sufficient converging of the three flow patterns is rather important to form a defect-free joint. It should be noted that an ellipse-shaped region and a triangle-shaped region are observed in the middle layer of WNZ in this study, which are indicated by red arrows in Fig. 4b and highlighted by dotted red lines in Fig. 5 . With the increase of welding speed, the border of the ellipse-shaped region becomes progressively evident. When the welding speed reaches 100 mm/min, the triangle-shaped region appears in the WNZ adjacent to TMAZ on the AS, and its size is increased with further increasing welding speed (see Fig. 5b and c). Fig. 6 shows the grain structures of the middle layer of WNZ. The grains of the ellipse-shaped region and the triangle-shaped region are characterized by elongated feature and are much larger than those of the other parts of WNZ, as seen in Fig. 6a and e. By further observation, it is found that the grain size of the ellipseshaped region is increased with the increase of welding speed (see Fig. 6a-c) . In the triangle-shaped region, void defects are formed at a high welding speed of 150 mm/min (see Fig. 6f ).
Results and discussion

Weld formation
Microstructural characteristics
It is known that the grain size of WNZ is determined by the levels of heat input and material plastic deformation during FSW. The decrease of heat input [16] or increase of strain rate [17] has been proved to be beneficial to the grain refinement in WNZ. First, since the heat generated by both top and bottom shoulders can be transferred to the middle layer of WNZ, the middle layer of WNZ is believed to experience the most severe thermal effect during BT-FSW, which has positive effect on the grain coarsening in the ellipse-shaped region and the triangle-shaped region. Second, and more important, the ellipse-shaped region and the triangleshaped region present remarkably elongated grain structures along the rotating direction of tool pin, while the other parts of WNZ show fine equiaxed grain structures (see Fig. 6a ). This indicates that the ellipse-shaped region and the triangle-shaped region are at different microstructural evolution stage from the other parts of WNZ. As the tool advances during FSW, the original grains ahead of the tool is firstly heated and deformed along the tool rotating direction, leading to the formation of elongated grain structures. With the increase of strain rate, a reduction in width of the elongated grains continuously occurs until the fine equiaxed grains are formed in the WNZ [18] . From this viewpoint, it is reasonable to conclude that the ellipse-shaped region and the triangle-shaped region have experienced an insufficient plastic deformation in comparison with the other parts of WNZ. In other words, the material of the both regions has not yet received enough strain to form a typical nugget structure. For the convenience of statement, the ellipse-shaped region and the triangle-shaped region are together named as the insufficiently stirred regions (ISRs) in this paper.
The ISRs are just located in the middle layer of WNZ, therefore the stirring action of tool pin is the critical factor that dominants the grain structures. The stirring effect of tool pin essentially depends on the tool pin geometry. There are three flats on the smooth cylindrical tool pin in this study. The flats can act as the cutting edge of a cutter and thus reduce the traverse force during FSW, which is of great significance to prevent the tool pin from breaking. Hence, flat feature is extremely important for the design of bobbin tool. Sued et al. [13] found that the tool pin with flat feature was more favorable to high-quality BT-FSW than that with the other features (threads or flutes). Certainly, the edges of flats on the bobbin tool pin have significantly positive effect on weld formation, however, the above results indicate that the flat feature may also cause the material to be insufficiently stirred during BT-FSW. As the tool rotates, the smooth cylindrical surfaces and the flat edges of tool pin exert severe stirring and extrusion effects on the base material. In contrast, most of the material trapped in the flats hides in the volume swept by the pin cylindrical profile. The tool pin stirring effect on this part of material is hence relatively weak. The insufficiently stirred material experiences lower strain rate than the other part of pin sheared material during FSW. When it is released behind the tool and filled into the pin cavity, the ellipse-shaped region with coarse elongated grains is then formed in the center of WNZ. Increase of welding speed leads to a further lowering in strain rate of plastic material of ellipse-shaped region, and consequently the size of the elongated grains is progressively increased from 50 to 150 mm/min (see Fig. 6a-c) . When the welding speed is increased to a certain value, the poor stirring effect of tool pin allows the material trapped in the flats to be transported to weld advancing side. As a result, at 100 mm/min the triangle-shaped region is formed in the WNZ adjacent to TMAZ on the AS. From 100 to 150 mm/min, more insufficiently stirred material is transported to the AS, and the triangle-shaped region shows a size increase and extends through the plate thickness direction. At the high welding speed of 150 mm/min, less frictional heat is generated at the tool/workpiece interface. The low plasticity of insufficiently stirred material leads to an inadequate pin-driven flow (i.e. the flow II shown in Fig. 5 ), which does not permit complete filling of the hole produced by the pin rotation, thereby void defects are formed in the triangle-shaped region.
For all the joints obtained in the present paper, the grains of the upper and lower layers of WNZ are characterized by fine equiaxed features, as shown in Fig. 7 . Compared with the grain structures of the middle layer of WNZ, it is evident that the stirring action of tool shoulder has significant effect on the grain refinement. The grain size of the upper and lower layers of WNZ was measured by the mean-linear-intercept method, and the measurements are shown in Fig. 8 . Two aspects concerning the microstructural evolution deserve more attention. First, for both upper and lower layers of WNZ, the size of the fine equiaxed grains is gradually decreased with the increase of welding speed, which should be resulted from the decrease of heat input. Second, it is interesting to find in all the joints that the grain size of the upper layer is smaller than that of the lower layer, and the grain size gap between the both layers is decreased with the increase of welding speed. This is quite different from that commonly observed in conventional FSW. In general, the heat input from the single-shouldered tool is decreased from the top to bottom surfaces of workpiece in conventional FSW, and thus the grain size from the upper to lower layers of WNZ tends to show a decrease trend [1] . In the present study, the top and bottom shoulders have the same size and geometry, and they also have the same shoulder plunge depth into workpiece. For this reason, the heat generation of the both shoulders can be treated as the same. Therefore, the different heat dissipation levels may be responsible for the difference in grain size between the upper and lower layers of WNZ. No backing plate is used in BT-FSW, and thus the air convection is the main dissipation form for the heat generated by the bottom shoulder. The top shoulder directly contacts the spindle of welding machine. Since the thermal conductivity of the spindle material (steel) is higher than that of aluminum, a significant amount of heat can be transported to the welding machine. That is to say, the heat generated by top shoulder can be dissipated through not only the air convection but also the conductivity into the spindle, leading to a higher heat dissipation level in the upper layer of WNZ. Because of this, the upper layer presents smaller grain size than the lower layer. Increase of welding speed leads to a decrease of heat input, which also decreases the amount of heat transported to welding machine. Consequently, the grain size gap between upper and lower layers is decreased in the WNZ (see Fig. 8 ). Fig. 9 shows the hardness distributions of the FSW joints. Local softening occurs in the joints, as commonly observed in the conventional FSW of high-strength aluminum alloys. The softening regions produced at different welding speeds all have a width above twice that of the shoulder diameter, indicating a large region around the welding tool has been affected by welding thermal cycles during BT-FSW. For the joints welded at various welding speeds, the lowest hardness region tends to be located in the TMAZ adjacent to WNZ. When the welding speed is increased, the softening region is gradually narrowed and the minimum hardness shows an increase trend, suggesting a weakening of the negative effect of thermal cycles on joint properties.
Hardness distributions
Another phenomenon should be noted is that the hardness distributions of the three layers are nearly the same for any joint produced in this study. The heterogeneity of mechanical properties in thickness direction is commonly observed in conventional FSW [19] [20] [21] , however, it does not occur in the BT-FSW joints. During BT-FSW, the top and bottom shoulders, whose positions are approximately symmetrical to the weld mid-thickness, simultaneously exert thermal and mechanical effects on the sheets, and finally leads to a more uniform distribution of mechanical properties in plate thickness direction. For a given welding speed, the hardness value has little variation across the middle layer of WNZ although the grains are heterogeneously distributed due to the occurrence of ISRs. This indicates that the occurrence of ISRs does not significantly affect the local mechanical properties of WNZ. As is known to all, several factors such as grain size, precipitate distribution, dislocation density and solid solubility of solute atoms have substantial influences on mechanical properties of aluminum alloys, however, in heattreatable aluminum alloys strength is generally dominated by precipitation strengthening [22] . Therefore the precipitation reaction is dominant in determining the weld strength of heat-treatable aluminum alloys, which have been demonstrated by means of experiment and computation analysis in previous studies [23, 24] . It is thus concluded that at the middle layer of WNZ although the ISRs and the other parts experience different plastic deformation levels during FSW, the welding thermal cycles still cause similar evolving characteristics of strengthening precipitates and resultantly relatively homogeneous hardness distribution. Fig. 10 shows the transverse tensile properties of the BT-FSW joints plotted against welding speed. The joint welded at 25 mm/ min only has a tensile strength of 265 MPa. From 25 to 125 mm/ min, the tensile strength shows a gradual increase and reaches a maximum value of 345 MPa, equivalent to 75% of that of base metal. However, at the high welding speed of 150 mm/min, the tensile strength is sharply decreased to a low value. The joint ductility seems to follow the similar behavior to the tensile strength, and the maximum elongation, 5.1%, is achieved at the welding speed of 125 mm/min. Fig. 11 reveals the tensile fracture locations of the joints. The fracture locations are apparently parameter dependent. The joints welded at 25 and 50 mm/min are both fractured in the WNZ on the RS, and the facture path is nearly along the border of the ellipseshaped region. In the welding speed range of 75-150 mm/min, the joints all fail in the triangle-shaped region. These results indicate that the ISRs are more favorable for the occurrence of fracture during tensile test although the lower hardness region is located on both sides of the welds (see Fig. 9 ). That is to say, the ISRs can significantly affect the fracture features of the BT-FSW joints. The reason for this is that sharper interfaces exist between the ISRs and the other parts of WNZ due to the different microstructural characteristics (see Fig. 6 ). During tensile test, the sharper interface causes a mismatch material deformation in the ISRs and the other parts of WNZ, thus the microcracking tends to be firstly formed in the weakest location adjacent to the ISRs. In contrast to the joints made at low welding speeds, the fracture locations of the joints produced at higher welding speeds have higher hardness values, and thereby the tensile strength of the defect-free joints is gradually increased with the increase of welding speed.
Tensile properties
In order to further reveal the fracture features of the BT-FSW joints, the tensile fracture surfaces of the joints are analyzed, as shown in Fig. 12 . At a low welding speed of 50 mm/min, the fracture path of the joint completely passes through the WNZ, and the upper and middle parts of the fracture surface are characterized by similar dimple features (see Fig. 12a and b) , implying the joint has experienced a relatively uniform plastic deformation in the Fig. 12 . Fracture surfaces of the BT-FSW joints: (a-f) corresponds to (i-vi) marked in Fig. 11b, respectively. thickness direction during tensile test. The small and shallow dimple feature is in accordance with the poor joint elongation. For the joint welded at 100 mm/min, the upper and middle parts of the fracture surface present quite different features. The upper part of the fracture surface, lying in the TMAZ, is characterized by large and deep dimples with thick tearing edges full of micropores, and the cracked second-phase particles are observed at the bottom of the dimples (see Fig. 12c ). In contrast, the dimple feature is remarkably weakened in the middle part of the fracture surface (see Fig. 12d ). It is believed that the microcrack is firstly formed in the triangle-shaped region and then extends towards the other parts along the plate thickness, thereby the upper part of the joint can experience a more sufficient plastic deformation. At a high welding speed of 150 mm/min, dimple feature becomes rather ambiguous and a cleavage type fracture mode is observed in both upper and middle parts of the fracture surface (see Fig. 12e and f) , suggesting a lower plastic deformation level during tensile test due to the formation of void defects.
Conclusions
A 2A14-T6 aluminum alloy has been bobbin tool friction stir welded and the effect of welding speed on microstructures and mechanical properties of the joints was investigated in detail. The conclusions of significance are drawn as follows:
(1) For all the joints produced in this study, the grains in the upper layer of WNZ are smaller than those in the lower layer of WNZ, which should be attributed to the larger extent of heat dissipation through the top shoulder. (2) An ellipse-shaped region and a triangle-shaped region characterized by large elongated grain structures are formed in the middle layer of WNZ of BT-FSW joints. The insufficient material plastic deformation caused by the flat feature of tool pin is believed to be the reason for the formation of the both regions. (3) At each welding speed, the hardness distributions are nearly the same in the three layers of the joint, indicating a homogeneity of mechanical properties in thickness direction of the BT-FSW joints. The occurrence of insufficiently stirred regions does not cause a significant variation in hardness distribution at the middle layer of WNZ. (4) The tensile strength of BT-FSW joint is firstly increased with the increase of welding speed, and then shows a sharp decrease at a high welding speed of 150 mm/min due to the occurrence of void defects. A maximum strength efficiency of 75% is achieved in this study. (5) The insufficiently stirred regions can significantly affect the fracture features of the joints. At low welding speeds, the joints are all fractured along the border of the ellipse-shaped region with a relatively uniform plastic deformation in plate thickness direction. At high welding speeds, the fracture path of the joints is just through the triangle-shaped region, and a heterogeneous plastic deformation occurs in different layers of the joints.
